Water is the most critical limiting factor for decomposition processes in Mediterranean climate ecosystems. The aim of this study was to investigate the effects of increased soil moisture levels upon cellulose mass loss in an eastern Mediterranean ecosystem. We used a split plot experimental design to evaluate the effect of seasonality on the decomposition process by manipulating water availability in situ during different seasons. Nylon litterbags of mesh size 20 μm and 1 mm were filled with cellulose filter paper and placed on the plots during each season. The treatment consisted of a systematic uniform watering of the plots with 7 L/m 2 /week. Litterbags were randomly removed from each plot on a monthly basis. Cellulose mass loss showed differences between treatment and control plots and between seasons but was significant only in the spring. Cellulose mass loss was significantly affected by irrigation treatment, season, and their interaction, while moisture seemed to be affected only by season. There was no significant difference in cellulose mass loss due to different mesh sizes.
In these ecosystems, climatic conditions play an important role in the decomposition process, mainly because of predominantly quite low water availability, which usually coincides with high summer temperatures Joffre et al., 2003) . Soil moisture is usually the limiting factor for decomposition (davidson et al., 2000) . Increasing moisture activates soil processes up to a threshold beyond which it has negative effects on soil due to limited soil aeration (Cornejo et al., 1994; Chen et al., 2007) .
Three different methods have been used to study the influence of soil moisture on decomposition: (i) the study of decomposition rates under controlled conditions in laboratory settings (e.g., Clein and Schimel, 1994; Fioretto et al., 1998; buchmann, 2000 , among others); (ii) comparative field studies along climatic gradients or areas with different moisture conditions (e.g., Steinberger et al., 1990; Wachendorf et al., 1997) ; and (iii) in situ manipulation of soil water availability. Soil moisture manipulations have been applied to several types of ecosystems, such as tropical forests (Cornejo et al., 1994) , arctic tundra (Robinson et al., 1995) , Alaskan taiga (Schimel et al., 1999) , boreal forest understorey (Carrier and Krebs, 2002) , and spruce forests (Taylor et al., 2004) , but not to Mediterranean ecosystems. Most research on decomposition has focused on how litter quality and environmental factors affect this process. However, experimental work on the specific role of the soil biota-especially in the Mediterranean-is limited. Clearly, biotic and abiotic factors are not independent and together define the processes that operate during decomposition (Swift et al., 1979) . For example, environmental conditions determine the levels of microbial activity (Arianoutsou and Margaris, 1982) and have a strong influence on soil macrofauna (David et al., 1999; Papatheodorou et al., 2004) . As soil fungi have exoenzymes for soil organic matter breakdown and mineralization (Wardle and Lavelle, 1997) , their specific activity in the decomposition process is often studied (bloem et al., 1992; Clein and Schimel, 1994; Wardle and Lavelle, 1997; Schimel et al., 1999) . Nevertheless, other soil organisms play an important role in promoting the breakdown of the plant material, thus multiplying the active area on which the microflora can act (Fragoso and Lavelle, 1992) .
Here we investigate the potential influence of changing rainfall patterns, expressed as fluctuations in soil moisture, on the relationship between the soil community and decomposition. Litterbags containing pure cellulose filter paper were used to examine the response of decomposer activity with different levels of taxonomic and functional diversity (with and without mesofauna) to changes in rainfall and hence, soil moisture patterns. Cellulose filter paper was used rather than litter as the experimental material, to exclude the complexity that sclerophyllous litter might impose upon the experimental process. decomposition rates of sclerophyllous litter in Mediterranean environments can be as low as 37% per year (Arianoutsou, 1993) . Apart from the very low initial concentration in nitrogen that might play an important role in this process, re-absorption of this element before leaf abscission further decreases its availability to the decomposers and hence its decomposition (Arianoutsou, 1993) .
Various experimental (e.g., Scholle et al., 1995) and modeling approaches (e.g., Schröter et al., 2003) have shown that mesofauna gains most of its functional importance via numerous direct and indirect interactions with the decomposer microflora. In this study, the functional effects of mesofauna exclusion were investigated versus those of microbial origin, and cellulose mass loss was used as a measure of decomposition.
MATERIALS ANd METHOdS

StUDy SitE
The site selected for the experiments is flat, having a well developed soil litter system with spatial uniformity and a homogenous vegetation structure, both horizontal and vertical. It is located in I. & A. diomides botanical Garden in dafni, Attica, Greece (38º05¢N, 23º40¢W). The vegetation of the area is dominated by East Mediterranean pine (Pinus brutia) and cypress trees (Cupressus sempervirens) planted over 40 years ago, while the understory vegetation consists of sparse Pistacia lentiscus shrubs. The soil type of the study area is a calcareous loam and the organic horizon is a mor-moder type. Soil pH is 7.93 ± 0.6.
ExPErimEntAl DESiGn
Nylon bags of 10 cm ´ 8 cm were filled with high quality filter paper made of pure cellulose. The mesh sizes of the bags were selected so as to distinguish cellulose mass loss due to microflora (20 μm, fine mesh) (Wachendorf et al., 1997) from that due to microflora and micro-and mesoarthropod (1 mm, coarse mesh) activity .
The experiment was carried out four times, each one starting in a different season of the year (Fig. 1) . The duration of each cycle was 9 months, a period reported to be adequate for approximately 100% decomposition (Radea and Arianoutsou, 1998) . Ten plots of 3 m ´ 1 m were delimited; five were used as controls (C) and the others were subjected to water treatments (T). The locations of all plots were randomly selected and dispersed throughout the site.
Treatment plots were systematically watered. An analysis of precipitation data of the last ten years provided by the nearest meteorological station (Elefsina-elevation 31 m asl, less than 5 km from the study plots) helped design the watering treatment schedule. Two basic criteria were set: (i) the treatment should be within the limits of the system defined by the average quantity of monthly precipitation (min: 1.87 ± 3.31 mm, max: 70.67 ± 46.54 mm) and the frequency of events (min: 1.18 ± 1.89 events, max: 13.60 ± 5.25 events), and (ii) it should make a significant difference during the dry months of the year. Plots were irrigated at a rate of 28 mm (28 L/m 2 ) per month, based on 7 mm (7 L/m 2 ) per week, and the water was evenly spread over the 5 treatment plots. The litterbags for each experimental (seasonal) cycle on each experimental plot were placed between the L (intact litter) and F (fermented litter) layers of the organic horizon.
Soil moisture was measured for all plots on a monthly basis using the oven-drying method. Soil cores of 5 cm in diameter, containing L, F, and H (humus) layers, were collected from each experimental plot on a monthly basis and oven-dried for 48 h (Memmert UL40, Schwabach, Germany) at 70 ºC.
One litterbag per seasonal cycle and per mesh size was removed from each plot on a monthly basis. After sampling, soil particles remaining on the bags were carefully removed. Retrieved cellulose strips were oven-dried (Memmert UL40 type) at 70 ºC for 48 h, weighed, and ignited at 500 ºC (Nabertherm model L3/S, West Germany), for 5.5 h. Results are expressed as ash-free cellulose mass loss.
Decay constant k and half-life time Τ 1/2 for each mesh size and experimental cycle were estimated according to the equations: k = (lnx o -lnx t )/t and Τ 1/2 = 0.693/t where k = decay constant, corresponding to the daily decomposition rate; T 1/2 = half-life time of the material used (in this case pure cellulose); x o = the initial mass of the decomposing material; x t = the mass of the decomposing material remaining after time t.
StAtiStiCAl AnAlySiS
One-way ANOVA was used to compare effects of experimental (seasonal) cycles on cellulose decomposition. Control and treatment plot parameters were compared by an ANOVA F-test. Correlation between cellulose mass loss and soil moisture content was explored using a Spearman correlation coefficient. The effects of mesh size, irrigation treatment, and seasonal cycle on decomposition rates were examined with a three-way ANOVA and the effects of irrigation treatment and seasonal cycle on soil moisture were examined using a two-way ANOVA.
The total amount of water received by each experimental plot corresponds to the actual precipitation plus the added water on the treated plots. The difference in soil moisture between experimental and control plots was greater during the 1st experimental cycle (March-december), when the prevailing climatic conditions matched the typical pattern of the Mediterranean climate. during the next period, corresponding to the last month of the 1st experimental cycle, and the entire period of the other three experimental cycles, differences were minimized because of unexpectedly high rainfall. Soil moisture levels were constantly higher on the treated plots throughout the 1st experimental period, but revealed no clear pattern afterwards.
Results on the decay constant and half-life time for both mesh sizes used and for all experimental cycles provide important information about the evolution of the decomposition process (Tables 1 and 2 ). The lag phase for all experimental cycles and for both mesh size bags have low k (k 0-30 ) values, but these are always higher in the winter experimental cycle (cycle number 4). Overall decay constant values (k 0-270 ) obtained for both mesh size bags are lower during the 1st experimental cycle (spring), while they increase during the following cycles, with the highest value observed during the 4th experimental cycle that started and completed under particularly wet conditions both in the control and treated plots. differences in the decay constant k (between control and treated plots) have been observed during the 1st experimental cycle only. As expected, the half-life time follows exactly the opposite pattern, being higher in the cases where k is low. Soil moisture content was strongly correlated (p < 0.05) to cellulose mass loss for both control and treatment plots, in both mesh sizes over the first experimental cycle.
Different patterns of cellulose decomposition were observed in the 20-μm-mesh-size bags for the four seasonal cycles (Fig. 3 ). These differences are attributed to the moisture conditions of the initial phase of the experiment (Fig. 2) . The initial decomposition rate was high and remained high whenever the experiment began in a wet period: approximately 80% after 4 months in the field, for experimental cycle 3 (autumnal seasonal cycle), and only 2 months for experimental cycle 4 (initiated in winter). In contrast, when the experimental cycle began in a dry period, decomposition was initially very slow and accelerated during the following months (less than 30% after 4 months in the field for seasonal cycles 1 (spring) and 2 (summer)).
Watering caused a statistically significant increase in cellulose decomposition rates (p < 0.05), during the first (dry) cycle only.
In a similar way, patterns of cellulose decomposition were different for the four experimental cycles in the 1-mm-mesh-size bags (Fig. 4) , and this was related to the moisture condition of the initial phase of each cycle. Experimental cycle 1, started in spring, had higher cellulose mass loss (p < 0.05) on the treated plots. differences between control and treated plots in the other 3 experimental cycles were also significant, but less than the first cycle. There were no significant differences in cellulose mass loss for mesh sizes (20 μm and 1 mm) for any experimental cycle on control or treated plots. Cellulose mass loss for mesh size 20 μm differed significantly for all cycles in the control plots (Fig. 5a ). In the treated plots, cycles 1 and 2 are grouped together, showing lower levels of cellulose mass loss, and differ significantly from cycles 3 and 4, which also form another group with higher cellulose mass loss levels (Fig. 5b) . Exactly the same pattern was observed for the fine mesh bags (Fig. 5c,d ).
Both the two-and three-way ANOVAs showed that cellulose mass loss is significantly affected by irrigation treatment, season, and their interaction, while moisture seems to be affected only by season (Table 3 ). dISCUSSION decomposition rates in Mediterranean ecosystems are rather low compared to other terrestrial ecosystems (see for example Arianoutsou, 1993; Pausas, 1997; Arianoutsou and Fig. 4 . Cellulose decomposition (%) for all seasonal cycles in the 1-mm-mesh-size nylon bags placed on the control plots (a) and on the treatment plots (b) (mean value ± Sd). Kurz et al., 2000; Fioretto et al., 2007) . This is mainly due to the water deficit prevailing during the hot summer periods, and also to the physical and chemical composition of the litter (Arianoutsou, 1993; Arianoutsou and Radea, 2000) . Results from the current study confirm this, indicating low cellulose mass loss for all periods when water was limited, and accelerating when water became more abundant.
The use of varying mesh size decomposition bags has been previously applied under dry Mediterranean conditions and under wetter condi- Table 3 Summary of a three-way and a two-way ANOVA statistical analysis applied on cellulose mass loss from litterbags and moisture, respectively. The three main effects in the model were mesh size of litterbag (20 μm, 1 mm), irrigation treatment (yes, no), and season of the experiment (winter, spring, summer, autumn) tions, namely in Amazonia (e.g., Anderson et al., 1983; beck et al., 1998; Kurzatkowski et al., 2004) , showing a clear difference in the activity of soil biota groups that is attributed to fine and coarse mesh bags. We show here that microarthropods were largely unaffected by the irrigation treatment, supporting previous results that showed them to be tolerant of a wide range of moisture conditions, including temporary flooding and drought (Taylor et al., 2004) . It is reasonable to assume that under very dry or very wet conditions, the activity of all groups of soil biota is minimized and that in both situations water is the critical factor due either to its shortage or to its excess. In intermediate situations, the exclusion of micro-and mesoarthropod groups had adverse effects on the cellulose mass loss. It is thus concluded that the unexpectedly high rainfall received by the site during the last 3 experimental cycles masked all potential differences that could otherwise be detected.
Our results indicate that the watering treatment applied had a significant effect on the decomposition rate during the first experimental cycle only, which happened to be very dry-for both bag mesh sizes-and a minimum effect during the three following seasonal cycles, which were extremely wet. Although soil moisture greatly affects the decomposition process, other parameters may also affect soil moisture, e.g., the climatic conditions prevailing on the site (Lundquist et al., 1999) and the levels of soil moisture before and after the beginning of the decomposition process (Wachendorf et al., 1997; Schimel et al., 1999) .
Although the amount of water used for the treatment was decided after studying the precipitation regime prevailing over the experimental area during the previous ten years, the experimental cycles covering periods 2-4 were among the wettest that the study site had experienced over the past years. Nevertheless, our experimental design provided the opportunity to study decomposition under very different climatic conditions, thus testing the limits of the treatment applied. More specifically, data covering the first dry seasonal cycle, where the treatment induced a significant difference in the decomposition rate, revealed the relationship between soil moisture availability, decomposition rate, and related soil microbiota responses. Clearly, the results of the following three experimental cycles indicated that soil moisture should be kept under a threshold limit because otherwise it could give rise to anoxic conditions. Soil microorganisms are sensitive to soil moisture conditions; their activity is more intense after sudden rainfall events (Arianoutsou and Margaris, 1982) . However, these organisms as well as other soil biota, such as microarthropods, are known to tolerate a wide range of moisture conditions, including flooding and drought (Walter and Proctor, 1999) , apparently under the conditions of the current experiment. Μonitoring of soil microbiota (acarina and collembolan) populations in all seasonal cycles, performed in parallel with the current experiment (Sotiriou and Arianoutsou, in review), revealed that they were statistically affected by season, steadily increasing from spring to winter experimental cycles. The same was also the case for total soil respiration. However, none of the above biological (soil biota) or functional (soil respiration) parameters was significantly affected by the watering treatment.
In addition to the direct effect on microbial activity, several physical processes that can influence microbial and soil fauna activity vary with soil water content, particularly water movement and gas and solute diffusion. Consequently, the relationship between soil water content and decomposition processes is quite complex, depending on parameters such as the soil moisture retention curve, porosity, pH, and soil depth (Goncalves and Carlyle, 1994; Rodrigo et al., 1997; Leiros et al., 1999) . Several attempts to create multi-parametric ecological models have been made (badre et al., 1998; Moncrief and Fang, 1999; Chen et al., 2000; Mielnick and dugas, 2000; Paul, 2001) , aiming to reveal details underlying the potential influence of various biotic and abiotic factors acting upon soil biological activity. However, the great difficulties in validating their results prevent them from being widely applied.
decomposition and subsequent nutrient mobilization are complex phenomena involving the structure of soil microbial communities, their nutritional requirements, and seasonal activity, as well as the chemistry of plant tissues, occurring within the constraints of climatic factors. Although not many studies have been carried out on the interactions between these factors under Mediterranean climate conditions, especially under field conditions, future research may reveal new synergetic or antagonistic effects on decomposition and nutrient cycling. Our findings confirm the importance of seasonality in the study of soil biological processes in the Mediterranean environments. In addition, in situ experimentation proved to be a very powerful tool in the investigation of such working hypotheses despite the uncertainties that the unpredictability of the Mediterranean climate may create. 
